We report here our lattice simulation on the charmonium spectra in the quenched approximation. Because the full adjustment on the nonperturbative parameters such as C E , C B , m 0 a s and r s needs many calculation time, we only adjust two of them, m 0 a s and r s ( ξ 3 plays this role in the paper) but with some rescale for mass splitting. After the rescale, we find that our results are in agreement with the experiment ones.
Introduction
Due to the importance of the charmonium spectra in particle physics, there are many jobs on it in lattice QCD. These jobs did their ways with NRQCD approach [1] or with Wilson action with clover-improvement [2] [3][4] [5] . We report here our lattice results on the charmonium spectra on anisotropic lattice ( we will also present our results on the bottomonium spectra in the future). Paralleling with references [2] - [5] , our results were obtained with the SheikholeslamiWohlert action [6] [10] (SW action) as well as with the tadpole improvement. As many authors pointed out, such improvements make us get interesting results with the fewer calculation. In fact, our simulation was done on personal computations.
As pointed out in reference [13] , if we adjust parameters to take the right hyperfine splitting in this action, the mass splitting generated by the orbit excitation, including orbit angular momentum and therefore spin orbit interaction, will be incorrect (we call this mass splitting s.o. splitting thereinafter). Therefore, to get the correct charmonium spectra, or the mass splitting, some argument on the mass dependent choice of C E was done in the article [13] . In fact, the choice of the clover coefficient have been performed in various ways, which include applying different orders in perturbation theory [7] and introducing non-perturbative improvement criteria using Schrödinger function [9] . Those schemes, however, need much more computer or calculation time.
If parameters on lattice are not maladjusted so much, then the mass splitting and the gross mass, which is mainly dictated by the static quark mass M 1 , are in different scale. To make the scale at the same, maybe some rescale scheme for the measured mass splitting is also proper. After the rescale, we find that our results are in good agreement with the experiment ones.
The section 2 shows some notations we should considered when we begin to calculate, and the section 3 and 4 is our simulation detail and results. At last, we present the summary in the section 5.
The Choice of Parameters for Simulation
To perform the simulation, we adopt the tadpole improvement action for gluon as follows:
S G = β{ 5 3
where P sp (P st ) is the sum of all spatial(temporal) plaquettes, P sr represents 2 × 1 spatial rectangular Wilson loops and P str is the Wilson loops with 2 spatial and one temporal links. ξ is the aspect ratio:
This gluonic action, as many authors pointed out [14] , may improve the action up to O(a 4 s , a 2 t ). For quarks, we adopt the SW action. This action was proposed initially to improve the continuum behavior for the fermions. But as suggested by lüscher and Weisz [11] , one had better take the scheme with the on-shell improvement. This scheme had been illuminated systematically in reference [13] in action form as well as in Hamilton form. Here we shall use the scheme to determine some parameters in SW action.
We take the SW action as:
At m 0 = 0, one gets:
where a t = 1/ξ. Because of the Eq. (8), we choose ξ 1 = ξ with the tuning of the parameter ξ 3 to make the following dispersion relation of the particle ψ be satisfied:
where c = 1 is the effective velocity of photon(EVP).
One can not make all the dispersion relations of the calculated particle be satisfied at the same time with the tuning of the sole parameter. Phenomenally, this infraction manifests the fact that the relative movement of two constituent quarks in meson is various with different meson( See appendix for more detail).
The Choice of C E and C B
The key points of the choice for the clover coefficient C B is the isospectrum transformation and the redundant coupling. After some algebra calculation, one can easily see that the choice C B = 1 is proper [13] . There are a few choices of C E . For instance, one may choose C E = 1 or C E = 0 [12] in NRQCD. In fact, following the method developed in reference [13] and [3] , one may see that in this action the parameters should satisfy
where m t = m 0 as ξ . The above condition is at tree level but with tadpole improvement. While for getting the nonperturbative parameters we should adjust these parameters with the same physical principle that led to Eq. (10). For instance, to get the nonperturbative ξ 3 we adjust ξ 3 to make Eq. (9) to be satisfied.
We select C B = 1 for our simulation. While noticing that C E = ξ/ξ 3 at vanished m t we just take a mass independent setting for C E for simplify:
The choice in Eq. (10) and (11), however, is at tree level and sometimes a little maladjusted. To compensate the maladjustment will lead to a mass splitting rescale. Thus we have only two parameters ξ 3 and m 0 to be determined in the simulation: one is adjusted to give the correct energy-momentum relation for J/ψ and the other will be rectified to determine the lattice spacing, a s (a t ).
The Detail for the simulation
In this work, we calculate five meson masses of charmonium, named as
and their excited states. The choice of the operator for definite meson is as the standard one [2] . These operators are called Γ ones in ref. [3] .
To determine ξ 3 , we calculate the energy for four low-lying momentum
pa s = (0, 0, 0), (0, 0, 1), (0, 1, 1) and (1, 1, 1) of the particle J/ψ and fit them by
We tune ξ 3 to make the relation c 0 = 1 be satisfied in one percent accuracy.
There are types of scheme to determine m 0 ,or equivalent a t . For instance, one may determine m 0 based on the hyperfine splitting or based on the s.o. splitting. As for the first type, One may take the ratio of the masses of S-state mesons:
And as for the second, one may take, for example, the ratio of the mass of χ c1 and
Then, we can extract a t by
where m(1S) = (m(1 1 S) + 3m(1 3 S))/4 is the measured average mass of 1 1 S and 1 3 S state on the lattice and m(1S) exp is the experimental one, 3.0676Gev.
In this paper we iterate m 0 and ξ 3 to make both the equation (12) and (13) be hold at the same time.
Because of our computational limitation, we did our simulation on a L × T = 6 3 × 36 lattice with ξ = 6.0. Parameters for the simulation are displayed in table 1.
For a definite Γ operator we measure its correlation function as:
The energy can be extracted by n-hyperboliccosine ansatz( n is the number of the extracted masses and T is the periods in the time direction):
which means that we should find parameters a(j) and m(j) to minimize the function
where
2 is the weight of the correlation C(t i ). We choose n = 2 for all the measured particles in the work. Apparently, the excited states we measured here is not the real first excited states in nature but the mixture, the mainly component of which is the first and the second excited states. Thus all the measured excited masses are larger than the experiment ones. We expect that the scheme we adopted in Eq. (14) would decrease this mixing impact.
For each l i and l f in Eq. (18) one may find a group of corresponding parameters m j and a j . Then, one may choose a set of parameters l i , l f , m j and a j , which make the function
) get its minimal points for all the sets. But due to the fact that nearly all the minimal point for a definite operator is approached at the set in which l i = 1 and l f = T − 1, we fix our set in which l i = 1 and l f = T − 1. This is as expected, for the more measured data means the more information if we excluded the case of l i = 0 or l f = T , in which the counterterms will enter in.
Simulation Results
In table 2, we list the results of the typical dispersion relation and the fitting data for low-lying particles at β = 3.0 and m 0 a s = 1.06.
From the simulation we know that the EVP for the particle η c is equal to the one of the particle J/ψ in about 2 percent. This is obvious from the appendix since their mass splitting is mainly due to the spin splitting [16] . The similar result is obtained by other authors [2] − [4] . On the other hand, we find that the EVP in different mesons usually have the relation:
This possibly implies that the expanding point p 0 s, or roughly saying, the main distribution of the relative momentum, can be estimated as
From the data we see that the EVPs for all particles except meson η c and J/ψ are usually smaller than unity, which means that the kinetic mass M 2 is larger than the static mass M 1 ( see detail in ref. [13] ). At the same time, to get the correct χ J mass splitting, ref. [13] suggested a mass dependence of C E , which leads to a scheme of adjustment of three parameters: m 0 a s , ξ 3 and C E .
To combine the scale of M 1 , M 2 and M E and decrease the number of adjusted parameters, we adopt such progress: we adjust only two parameters m 0 a s and ξ 3 but with the mass splitting rescale.
We take Eq. (13) to determine m 0 a s and measure the mass of particle η c and J/ψ, but for other particle, since we should consider the s.o. splitting, we redefine its mass as follows.
We rescale the mass splitting between 1 3 P 1 and averaged 1S state as
Therefore, the modified mass for a definite meson is
where ma t is the dimensionless measured mass on the lattice and a t is extracted by Eq. (15) . The simulation parameters are listed in table 3. Our results for scale are not inconsistent with the result obtained from the Sommer scale r 0 in the calculation of the gluon spectra [17] although they are achieved in very different aspect. We list our modified charmonium spectra in table 4, which is, as well as in other references, in agreement with the experiment. From the data we find that at the finite lattice spacing the ratio
is smaller than the experiment one. To get the correct ratio one may decrease m 0 and therefore achieved a decreased lattice spacing, a s . An estimation for the decreased m 0 shows that it approximately leads to the same result as in reference [17] . To decrease the computer time, we take the scale determined by Eq. (13) with the notice that the ratio between a s obtained by us and that obtained by C.J. Morningstar is nearly the same at different β, i.e., the ratio is 1.6 at β = 3.0 and 1.7 at β = 2.5.
While compared with our results with those in [5] , one may find, that our result for hyperfine splitting is smaller than that in [5] . Maybe the smallness is caused by the too large lattice spacing and/or the contamination of hyperfine splitting by the s.o. terms in the determination of m 0 a s in Eq. (13) .
For the known excited states, our results, as those obtained in ref. [3] , are larger than the experiment ones. But for unknown states, it needs some more explore to explain why our result are also larger than those in ref. [3] .
While following the reference [13] , one should do this rescale between χ J states. But, from the results we find that our rescale scheme also obtains the correct χ J states.
Conclusion
For the simulation of the charmonium spectra, because the ratio between the rest mass M 1 and the kinetic M 2 are not always the same, so the scale for mass splitting ∆m and the the gross mass m is different. Since ∆m is not mainly dictated by the static mass M 1 , reference [13] suggested the following strategy: forget about M 1 and adjust the bare mass so that the kinetic mass M 2 takes the physical value.
To make mass splitting and the gross mass at the same scale, one may adjust parameters or rescale mass splitting. This rescale combines the scale of the gross M and the mass splitting, ∆M. After the rescaling, we get the results which are in agreement with the experiment ones despite a little maladjustment of the parameters. Table 4 Results of the charmonium mass M and the mass splitting ∆M in units of Gev at ξ = 6.0 with the same scale setting as in Table 1 .
